This study was designed to evaluate the antioxidant and cholinesterase inhibitory activities of sulfated polysaccharides from Gracilaria gracilis (PGCL) and Ulva lactuca (PULV). PGCL and PULV were extracted and characterized with Scanning electron microscope-energy dispersive x-ray (SEM-EDX), Fourier transform infrared spectroscopy (FTIR) and Gas chromatography-mass spectroscopy (GC-MS). The radical (2,2-azinobis-3-ethylbenzothiazoline-6-sulfonate [ABTS] 2,2-diphenyl-1-picrylhydrazyl [DPPH], and hydroxyl [OH]) scavenging and metal chelating activities as well as their inhibitory effects on acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) activities were also determined. SEM-EDX analysis revealed the presence of elements such as carbon, magnesium, calcium, phosphorus, and sulfur. The FTIR analysis also confirmed the presence of sulfate group in the polysaccharide samples. Some sugars such as glucose, galactose, arabinose, xylose, rhamnose, and allose were also identified using GC-MS. PGCL and PULV scavenged ABTS, DPPH and OH radicals in a dose-dependent manner. Moreover, PULV exhibited higher scavenging activity compared to PGCL. PGCL and PULV also reduced the activity of AChE (IC 50 = 132.73 and 106.93 µg/mL) and BChE (IC 50 = 124.93 and 93.45 µg/mL) respectively. PGCL and PULV exhibited antioxidant activity and possess cholinesterase inhibitory activity, hence these polysaccharides could be explored as ingredients for the development of functional foods with neuroprotective potentials.
Introduction
Recently there has been a global demand and increase in the consumption of macroalgal foods due to their functional benefits and application in nutrition and health. [1] Algal-derived food products possess nutritional benefits and have been considered as an effective approach for the management and treatment of hyperlipidemia, diabetes, and cardiovascular diseases. [2, 3] This is due to the presence of biologically active compounds in algae which include Phlorotannins, [4] polyunsaturated fatty acids, [5] carotenoids, [6] phenolic acids and flavonoids, [7] sterols, [1] and polysaccharides. [8] Polysaccharides are polymers of monosaccharide units that are linked with glycosidic bonds. These polymers are present in the cell wall of macroalgae and differ in their monosaccharide constituents, degree of polymerization, glycosidic bonds and sequence of sugar residues. Some of these polysaccharides consist of sulfate esters linked with polymeric units of galactose, rhamnose, fucose and/or glucose. These polysaccharides exhibit several biological and chemical functions and as well perform protective and structural roles in plants. [9] Polysaccharides that have been CONTACT Tosin A. Olasehinde tosinolasehinde26@yahoo.com Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/ljfp. identified in brown and green macroalgae include alginate, fucoidans, agar, ulvans, laminaran and carrageenans. [1, 9] Some of these polysaccharides including carrageenans, ulvans, and fucoidans exhibit some physiochemical characteristics and are used as thickeners, stabilizers and emulsifiers. Shao et al. [10, 11] reported the stabilizing effects of polysaccharides extracted from Ulva fasciata in limonene and betacarotene emulsions. Algal polysaccharides also exhibit biological features and are good ingredients for the production of nutraceutics, pharmaceutics, and agricultural products. Previous studies have shown that algal polysaccharides exhibit antioxidant, [12] , anticancer [13] and anticoagulant activities. [14] However, their neuroprotective effect has not been fully explored.
The use of cholinesterase inhibitors has been identified as an effective strategy to delay the progression of Alzheimer's disease (AD). These inhibitors improve cholinergic deficit in AD via the inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) thereby increasing the levels of acetylcholine and improving its transmission across the neurons (Grossberg, 2003) . [15] Although some studies have shown that fucoidans and some other algal polysaccharides helps to improve memory function, there is a paucity of information on their effects on cholinesterases. Hence, the aim of this study is to characterize the polysaccharides in red (Gracilaria gracilis) and green algae (Ulva lactuca) and evaluate their antioxidant and cholinesterase inhibitory activities
Materials and methods

Collection and identification of macroalgal samples
Gracilaria gracilis (Stackhouse) M. Steentoft, L.M. Irvine & W. F. Farnham and Ulva lactuca Linnaeus were obtained from Wild Coast Abalone in East London, South Africa (32°45.048'S. 28°16.558ʹE) and were identified at the Department of Botany of Nelson Mandela University, South Africa. Specimens were deposited in the herbarium and voucher codes D1 and D2 were assigned for G. gracilis and U. lactuca, respectively.
Extraction of sulfated polysaccharides
The polysaccharides extracted from G. gracilis (PGCL), and U. lactuca (PULV) were prepared as described by Gara et al. [16] Briefly 200 g of the dried powder of the seaweeds were de-pigmented with hexane (400 mL) and were allowed to dry. Extraction was done with water at 90-95ºC for 2h. The syrup formed was centrifuged at 4000 g at 25°C for 5 min. The supernatant was collected, allowed to cool and precipitated with three volumes of ethanol. The mixture was kept overnight and precipitate formed was collected by centrifugation and were lyophilized using a freeze dryer (CHRIST Alpha 1-2 LD plus, Germany). The dried samples were stored in vials at 4°C and used for further analysis.
Chemical composition of sulfated polysaccharides
The total sugar content of the sulfated polysaccharides was determined according to phenol-sulfuric acid method described by Chaplin and Kennedy [17] using glucose as the standard. The total protein content of the samples was also determined according to the method of Bradford [18] using bovine serum albumin (BSA) as the standard. Elemental composition of the samples was also determined using scanning electron microscope -energy dispersive x-ray (SEM-EDX) analysis.
Fourier transform infrared analysis
The functional groups in the structure of the sulfated polysaccharides were identified using a Fourier transform infrared spectrophotometer (Spectrum Two Perkin Elmer System, USA). The sulfated polysaccharides (PGCL and PULV) were pressed into a pellet for FTIR spectroscopy analysis over a wavenumber range of 4000-370 cm
Determination of sugar constituents via gas chromatography-mass spectrometry Sulfated polysaccharide samples (50 mg) were dissolved separately in 2 M trifluoroacetic acid and were incubated at 100°C for 2h. The tubes were allowed to cool down and the hydrolysates formed were dried and used for GC-MS analysis. The dried samples were silylated with pyridine hexamethyldisilazane-trimethylchlosilane mixture (9:3:1 v/v/v) using 50 µL per mg of dried sample. The trimethylsilyl sugar derivatives formed from each polysaccharide sample were analyzed on Gas chromatograph (7890B Agilent, China) equipped with a fused silica capillary column (30 m × 0.25 mm × 0.25 µm) with Mass spectrometry (MS 5977A) using the following conditions; the injected volume was 1 µL; the detector and the injector's temperature were set at 320ºC, the column temperature was set at 100°C for 1 min and ramped from 100°C to 260°C at 4°C for 1 min and 10 min at 260°C. Helium was used as carrier gas at 1 mL/min. [16] The compounds were identified by comparing the mass spectra with those in the National Institute of Standards and Technology (NIST 2014) library.
ABTS
•+ (2,2-azinobis 3-ethylbenzothiazoline-6-sulfonate radical) assay A modified method of Re et al. [19] was used to determine the total radical scavenging activity of PGCL and PULV. ABTS (7 mM) and K 2 S 2 O 8 (a final concentration of 2.45 mM) were mixed together and placed in the dark for 16 h to generate ABTS radical. After this, the absorbance of the solution was measured at 734 nm and subsequently adjusted to 0.700 with ethanol. One hundred and fifty microliters of the sulfated polysaccharides (83.33-33.33 μg/mL) were added to 150 μL ABTS
•+ solution. The control experiment contained ABTS radical solution without the polysaccharides. After 15 min, the absorbance was measured with a microtiter plate reader at 734 nm. The antioxidant capacity of the polysaccharides was determined based on the decolorization of the ABTS solution. The radical scavenging activity was calculated as the percentage of control using the formula below;
where Abs con is the absorbance of the control experiment without the extracts and Abs sam is the absorbance of the test solution containing extract.
DPPH (2,2-diphenyl −1-picrylhydrazyl) radical scavenging assay
One hundred and fifty microliters (150 μL) of the sulfated polysaccharides (83.33-333.33 μg/mL) were mixed with 150 μL of 0.1 mM of DPPH radicals (previously dissolved in methanol). The control contained only the DPPH solution without the test samples. [20] The solution was placed in the dark and the absorbance was measured after 30 min. The radical scavenging activity of the polysaccharides was calculated as percentage of the control.
Hydroxyl radical scavenging assay
The sulfated polysaccharides (25-100 μg/mL) were added to a tube containing deoxyribose (20 mM, 120 μL), phosphate buffer (0.1 M, 400 μL), hydrogen peroxide (20 mM, 40 μL) and FeSO 4 (500 μM, 40 μL). The volume of the solution was made up to 800 μL with distilled water and was incubated at 37°C for 30 min. Five hundred microliters of trichloroacetic acid (2.8%) and 400 μL thiobarbituric (0.6%) were added to the solution. The tubes were placed in a boiling water bath (100°C) for 20 min for color development. [21] The absorbance of the solution was measured at 532 nm. The hydroxyl radical scavenging activity of the polysaccharides was calculated using the formula above.
Metal chelating assay
One hundred and fifty microliters of freshly prepared FeSO 4 (500 µM) was introduced into a mixture of 168 µL 0.1 M Tris -HCl (pH 7.4), sodium chloride (0.8% (w/v), 218 µL) and the sulfated polysaccharides (20-100 µg/mL). A solution containing 0.25% of 1, 10-phenanthroline (3 µL) was added to the mixture. [22] The absorbance was measured with a spectrophotometer at 510 nm wavelength. The Fe 2+ chelating ability was subsequently calculated (Eq. 1).
Cholinesterase activity assay
The acetylcholinesterase (AChE) inhibitory activity of the polysaccharides was evaluated as described by Perry et al. [23] Forty microliter of (0.28 U/mL) enzyme (AChE type V from Electric eel -Sigma Aldrich), 140 µL of 3.3 mM of 5,5-dithiobis-(2-nitrobenzoic) acid (prepared in 0.1 M phosphate buffered solution, pH 7.0, containing 6 mM NaHCO 3 ), sulfated polysaccharides (33.33-133.33 µg/mL) and 80 µL of phosphate buffer (pH 8.0) were added to each well of microplate. The solution was incubated for 20 min at 25°C. Acetylthiocholine iodide (Sigma Aldrich Germany) (0.05 mM, 40 µL) was added to each well and the absorbance was determined in a microtitre plate reader (Synergy MX Biotech) at 412 nm for 3 min immediately after the addition of the substrate. The same experiment was used to determine the butyrylcholinesterase (BChE from Equine Serum-Sigma Aldrich) activity of the polysaccharides using butyrylcholine iodide. The enzyme inhibitory activities were expressed as percentage inhibition.
Results and discussion
Carbohydrate content and elemental composition
The carbohydrate and protein contents of PGCL and PULV are shown in Table 1 . A higher carbohydrate content was observed in PGCL (33.52 g/100 g) compared to PULV (27.41 g/100 g). However, protein content of PULV (4.30%) was significantly (P < 0.05) higher than PGCL (1.49%). The protein content of PGCL and PULV is significantly higher compared to the sulfated polysaccharide isolated from Ulva clathrate (0.56%).
[24] Figure 1 shows the elemental composition of PGCL and PULV. The EDX spectral revealed the presence of carbon, calcium, magnesium, sodium, phosphorus, potassium and sulfur in PGCL and PULV (Figure 1(a,b) ). Higher levels of carbon (29.49%), phosphorus (2.37%) and potassium (7.18%) were present in PGCL compared to PULV as shown in Table 2 . However, PULV had significantly higher levels of oxygen (47.87%), sodium (4.56%), magnesium (2.21%), calcium (2.37) and sulfur (9.67%) compared to PGCL. Our findings revealed that both polysaccharide samples contain sulfuryl groups which suggest that they could be sulfated polysaccharides. Moreover, the sulfur content of PULV (9.67%) was similar to purified fucoidan (9.83%) obtained from Fucus vesiculosus. [25] The carbon content of PGCL (29.49%) is significantly higher compared to purified fucoidan (26.12%) of F. vesiculosus. [25] Functional group analysis
The functional groups present in PGCL and PULV were identified via FTIR analysis. The IR spectral of the sulfated polysaccharides are shown in Figure 2 . The peaks obtained at 840 cm −1 shows that PGCL and ULV contain compounds with C-S-O group. Both polysaccharides also showed intensity at 1225 cm −1 and 1235 cm −1 which indicates the presence of S = O. This result confirms the presence of sulfate groups in PGCL and PULV. Previous experiment on the chemical constituents of algal polysaccharides has shown that they contain sulfate groups which are formed during the biosynthesis of polysaccharides within the Golgi bodies of algae [26] The presence of sulfate groups in algal polysaccharides have been attributed to their biological activities. [9, 27] Peaks with similar intensity were observed at 1608 cm −1 and 1618 cm −1 for PULV and PGCL, respectively. Both wavenumbers indicate the presence of OH groups which is within the spectral range for uronic acid. The peaks observed at 3298 cm −1 and 3364 cm −1 falls within the intensity of signals observed for compounds with O-H groups. Furthermore, the intensity observed at 748 cm −1 for PULV is a typical signal for ulvans. [24] This result suggests that PULV exhibit characteristic of ulvans which are polysaccharides from green algae.
Composition of sulfated polysaccharides
The sugar composition of the polysaccharide samples was analyzed using GC-MS. The presence of some monosaccharides such as glucose, arabinose, galactose, ribose, and xylose were identified in PGCL and PULV as shown in Table 3 and Figures 3 and 4 respectively. Rhamnose and mannose were present in PULV and were not detected in PGCL. Moreover, allose was also present in PGCL and was not detected in PULV (Table 3 ). The observed level of rhamnose (19.8%) in PULV is significantly higher than the result of Hernandez-Garibay et al. [24] Furthermore, the levels of galactose (4.47%) and xylose (1.01%) a b Figure 1 . EDX spectra of polysaccharides from G. gracilis (a) and U. lactuca (b) and the intensity of corresponding elements detected. were higher in PULV compared with PGCL. However, ribose (7.03%), arabinose (6.89%) and glucose (6.16%) levels were higher in PGCL compared with PULV. The content of galactose and xylose observed in PGCL and PULV were significantly lower compare to the report of Cong et al. [28] in polysaccharide isolated from Sargassum fusiforme. Galacturonic acid, glycopyranuronic acid and arabinonic acid were detected in PGCL but were absent in PULV. The monosaccharide composition of the sulfated polysaccharides revealed that they may contain heterogeneous polymers due to the variation of monosaccharides. Furthermore, the polysaccharides also contain varying levels of sugars.
Radical scavenging and metal chelating activities
The radical scavenging and metal chelating activities of the sulfated polysaccharides are presented in Figure 5 . PGCL and PULV exhibited scavenging activity against ABTS radical as shown in Figure 5 (a). Although gallic acid showed higher scavenging activity than the polysaccharides (83.33-333.33 µg/mL), the percentage radical scavenging activity of PGCL (39.75-60.51%) and PULV (39.30-78.34%) were higher than 50% at the highest concentration (333.33 µg/mL) which shows they are potent scavengers of ABTS radical. Moreover, PULV showed higher radical scavenging activities than PGCL with percentage scavenging activity of 78.34% at the highest concentration (333.33 µg/mL). The ABTS radical scavenging activity of sulfated polysaccharides from Sargassum tenerrimum was lower than 50% at the highest concentration (125 µg/mL). [29] Furthermore, Figure 5 of the polysaccharides. PGCL and PULV scavenged DPPH radicals; however, the activity of both polysaccharides was lower than 50% at the highest concentration (333.33 µg/mL). This result showed that PGCL and PULV showed weak scavenging activity against DPPH radicals compared with gallic acid. The DPPH radical scavenging activity of PGCL and PULV is significantly different from the activity of sulfated polysaccharides isolated from S. tenerrimum. [29] The OH radical scavenging activity of PGCL and PULV is shown in Figure 5 (c). Both polysaccharides scavenged OH radicals in a dose-dependent manner (25-100 µg/mL). The percentage radical scavenging activity in Figure 5 (c) revealed that PULV (60.6%) had significantly higher scavenging activity against OH radicals compared with PGCL (52.1%) at the highest concentration (100 µg/mL). The OH radical scavenging activity of polysaccharides isolated from Sargassum fulvellum was lower than 50% at the highest concentration (10 mg/mL). [30] The result of the metal chelating capacity of the polysaccharides is Figure 3 . GC-MS chromatogram of polysaccharide from G. gracilis. presented in Figure 5 (d). PULV and PGCL were able to chelate Fe 2+ in a dose-dependent manner (20-100 µg/mL). The percentage metal chelating activity of both polysaccharides was above 50%. These results suggest that PULV and PGCL are potential metal chelators. Moreover, PULV (72.7%) exhibited significantly higher chelating activity then PGCL (62.8%) at the highest concentration (100 µg/mL) as shown by their percentage chelating activity in Figure 5(d) . However, previous report revealed that green seaweed (Udotea flabellum) exhibited low metal chelating capacity below 20%. [31] The observed radical and metal chelating activities of PGCL and PULV suggest they are potent antioxidants. Antioxidants are radical scavengers and metal chelators with a capacity to donate an electron. Wang et al. [9] also established that polysaccharides are reducing agent, radical scavengers and metal chelators. The OH radical scavenging and Fe 2+ -chelating activities of PULV and PGCL suggests their ability to protect cells and tissues from oxidative damage. OH radicals have been reported to be a harmful radical which induces lipid peroxidation in cells and tissues. [32] The radical scavenging and metal chelating activities of PGCL and PULV could be attributed to their protein and sulfate contents. Previous investigations have shown that conjugated proteins to polysaccharides exhibit antioxidant activity via scavenging of OH and superoxide radicals. [33] In another study, Liu et al. [34] attributed the radical scavenging activity of crude polysaccharides from Athyrium multidentaum to its polysaccharide-protein complex. Furthermore, the presence of polyphenols which are conjugated to polysaccharides may also contribute to their antioxidant activity. [35] There are also indications that the presence of sulfate group in the structure of the polysaccharides enhances antioxidant activity compared to non-sulfated polysaccharides. [9] Cholinesterase inhibitory activity
The effect of PGCL and PULV on acetylcholinesterase and butyrylcholinesterase activities are shown in Figure 6 . PGCL and PULV exhibited an inhibitory effect on acetylcholinesterase in a dose-dependent manner (33-133 µg/mL). Moreover, IC 50 values in Table 4 revealed that PULV (106.93 µg/mL) exhibited significantly higher acetylcholinesterase inhibitory effect compared to PGCL (132.73 µg/mL). Moreover, the acetylcholinesterase inhibitory activity of PGCL and PULV were significantly lower than galathanmine (IC 50 = 54.41 µg/mL) (a known cholinesterase inhibitor). Inhibitors of acetylcholinesterase have been identified as an important therapeutic strategy for the management of Alzheimer's disease. High acetylcholinesterase activity is associated with cholinergic dysfunction and memory impairment in AD. [36] This is due to rapid hydrolysis of acetylcholine, an important neurotransmitter responsible for the transmission of nerve impulse from one neuron to another. Hence, inhibition of acetylcholinesterase increases the availability of acetylcholine which improves neuronal transmission and memory function. [37] The observed acetylcholinesterase inhibitory effect of PGCL and PULV may be beneficial in the management of AD. Our findings agree with the report of Lin et al. [38] which revealed that polysaccharides from a brown alga (Milletia pulchra) reduced acetylcholinesterase activity. An investigation by Park et al. [39] revealed that acetylcholinesterase inhibitory activity of fucoidan extract from Ecklonia cava was higher than 50% at the highest concentration (2 mg/mL) with IC 50 value of 1.31 mg/mL. Similarly, PGCL and PULV exhibited an inhibitory effect on butyrylcholinesterase as shown in Figure 6 (b). The butyrylcholinesterase inhibitory effect of PGCL (124.93 µg/mL) and PULV (93.45 µg/mL) were significantly lower than galathanmine (55.85 µg/ mL) as revealed by their IC 50 values in Table 4 . Moreover, butyrylcholinesterase inhibitory activity of PULV was significantly higher than PGCL. High butyrylcholinesterase activity has been associated with formation of amyloid plaques and neurofibrillary tangles around the neurons thus causing neurodegeneration and memory loss. [40] Selective inhibition of butyrylcholinesterase has also been identified as an effective treatment of cholinergic deficit in AD. [41] The observed inhibitory effect of PULV and PGCL may be relevant for the management of AD.
Conclusion
PGCL and PULV contain monosaccharides such as glucose, galactose, ribose, and arabinose. Both polysaccharides exhibited radical scavenging and metal chelating activities which confirms their antioxidant BChE inhibitory activity (%) AChE inhibitory activity (%) Figure 6 . Cholinesterase inhibitory activities of polysaccharides from some seaweeds. PGCL: G. gracilis; PULV: U. lactuca; GAL: galanthamine. properties. Furthermore, PGCL and PULV reduced acetylcholinesterase and butyrylcholinesterase activities which could be explored as cholinesterase inhibitors for the management of AD. Our findings suggest that sulfated polysaccharides from Gracilaria gracilis and Ulva lactuca hold promise as important resources of novel ingredients with neuroprotective potentials and could may used for the development of functional foods and nutraceuticals.
